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Abstract
Background Poplars accumulate inordinate amounts
of B in their leaves and are candidate plants for the
remediation of B contaminated soil. We aimed to
determine the effect of heterogeneous B distribution
in soil by comparing the growth and B accumulation
of young Populus tremula trees growing in soil with
heterogeneous and homogeneous B distributions.
Methods The first of two experiments focused on the
tolerance and B accumulation of P. tremula under
heterogeneous soil B distributions, while the second
was designed to study fine root growth under such
conditions in detail.
Results Growth and B accumulation of P. tremula were
unaffected by the spatial distribution of B. Root and
shoot growth were both reduced simultaneously when
leaf B concentrations increased above 800 mg kg−1. In
the heterogeneous soil B treatments, root growth was
more reduced in spiked soil portions with B concentra-
tions >20 mg kg−1. Fine root length growth was stronger
inhibited by B stress than secondary growth.
Conclusions The root growth responses of P. tremula
to B are primarily a systemic effect induced by shoot B
toxicity and local toxicity effects on roots become
dominant only at rather high soil B concentrations.
Local heterogeneity in soil B should have little influ-
ence on the phytoremediation of contaminated sites.
Keywords Boron . Heterogeneity . Local and systemic
response . Root traits
Abbreviations
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Introduction
Boron in soils
Boron (B) is an essential plant and animal micronutri-
ent that becomes toxic at elevated concentrations
(Mastromatteo and Sullivan 1994; Salisbury and Ross
1992; Xu et al. 2007). Boron deficiency symptoms
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become evident in plants at tissue concentrations of 10–
30 mg kg−1 (Bell 1997), while tissue concentrations
>100 mg kg−1 are toxic for most plants. However, there
is a wide range of toxicity thresholds in plants, some-
times even among varieties of the same species (Gupta
et al. 1985; Nable et al. 1997).
Boron uptake by plants is closely related to soil B
concentrations, which depend on geological parent ma-
terial, soil type, soil pH, soil organic matter, natural and
anthropogenic inputs and soil temperature (Goldberg
1997; Goldberg et al. 1993). High B concentrations
occur naturally in many arid soils. Human activities
leading to high soil B concentrations include the
irrigation of agricultural fields with B laden waste
or ground water, surface mining and the application
of fly ash on agricultural fields (Nable et al. 1997;
Parks and Edwards 2005).
Boron retention in soils generally increases with
pH, organic matter and clay content (Goldberg
1997). The major form of B in the soil solution is
boric acid, H3BO3 (pKa: 9.24) (Power and Woods
1997). Since soils generally have a pH <9.24, the
neutral species is predominant in the soil solution of
most soils (Hu and Brown 1997). Soil organic matter
has a higher capacity for B sorption than mineral soil
constituents (Goldberg 1997). Sorbed B is released
into soil solution when B-binding soil organic matter
gets decomposed by microbial activity (Evans and
Sparks 1983; Van et al. 2005). Boron adsorption on
soil mineral surfaces takes place rapidly via ligand
exchange (Goldberg 1997). It can usually be described
by Langmuir and Freundlich isotherms (Communar et
al. 2004; Goldberg et al. 1993).
Phytomanagement of boron
Boron contamination should be well suited for phytor-
emediation, as B is very mobile in soils and readily
taken up by plants. Boron is primarily transported by
convection with the flow of soil water (Blevins and
Lukaszewski 1998; Ishak et al. 2002; Kabata-Pendias
and Pendias 2001). It is taken up by plants as undis-
sociated H3BO3, which is small enough to pass
through cell membranes via aquaporins (Tanaka and
Fujiwara 2008). Passive uptake and translocation with
the stream of transpiration water explains the results of
Rees et al. (2011) who found the highest B concen-
trations in the oldest leaves of a hybrid poplar clone. In
B-deficient conditions, active uptake may occur in
some plant species (Miwa and Fujiwara 2010). Pop-
lars are widely used for the phytomanagement of
contaminated sites and are particularly suited for the
revegetation of B contaminated sites because they are
tolerant of high soil and leaf B concentrations (Bañuelos
et al. 2010; Robinson et al. 2007, 2009). The species of
Populus used in this experiment, P. tremula is known for
its adaptability to a wide range of climate and soil
conditions, is highly drought tolerant and may be the
world’s most widely distributed tree species (Worrell
1995). The B tolerance and accumulation potential of
P. tremula has not been evaluated, however P. tremula is
tolerant of elevated soil loadings of other trace elements
such as Zn and Cd (Dos Santos Utmazian et al. 2007;
Menon et al. 2007a).
Heterogeneity and phytomanagement
While test trials in growth chambers or greenhouses
provide useful information about the potential use of
plants in phytomanagement, the performance of the
same plants may be vastly different in the field. One
important problem is the heterogeneous distribution of
contaminants in field soils, which is usually not rep-
resented in pot experiments (Robinson et al. 2009;
Wenzel 2009). This may affect contaminant tolerance
and uptake, which are of critical importance in
phytomanagement.
Soil B concentrations may change by an order of
magnitude or more over just a few centimeters (Hall
1971; McLaren and Cameron 1996). Plant root growth
can respond to soil patches with increased trace ele-
ment concentrations in three different ways: reduction/
avoidance (Breckle and Kahle 1992; Moradi et al.
2009b), indifference (Moradi et al. 2009b) or prolifer-
ation (Liu et al. 2010; Schwartz et al. 1999; Whiting et
al. 2000). In contrast to macronutrient patchiness
effects (Robinson 1994), little is known about the
response of roots to B enriched soil patches. Menon
et al. (2007b) found that roots of Lupinus albus L. did
not grow into patches of high B concentrations in soil.
Poplars are plastic in their responses to variations in
soil conditions (Friend et al. 1999; Mulia and Dupraz
2006). Rees et al. (2011) observed that the root:shoot
ratio decreased in young poplar plants with increasing
soil B concentration, indicating that root biomass
responds more sensitively to B stress than the above-
ground biomass in poplar. Adjusting the morphology
of their fine roots (FR) to varying soil conditions
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enables them to adapt to a wide range of stress con-
ditions in soil (Pregitzer and Friend 1996). Fine root
diameter and particularly relative FR diameter class
length (ratio of FR length per diameter class/total FR
length) are sensitive parameters often used to assess
the response of FR to changing soil chemical condi-
tions (Borken et al. 2007; Zobel 2008). However, there
are no studies on the effect of patchy soil B distribu-
tions on poplar root growth.
Given the lack of knowledge on root responses to
heterogeneous B distributions in soil and the potential
implications of these responses for the phytomanage-
ment of B-contaminated sites, the objectives of this
study were to investigate (1) whether P. tremula toler-
ates higher average soil B concentrations when B is
heterogeneously distributed than when it is homoge-
neously distributed, (2) how P. tremula roots respond
to B-enriched soil patches, and (3) how B-uptake by P.
tremula is affected by spatial heterogeneity in soil B.
Root growth responses to soil heterogeneity are noto-
riously challenging to assess under field conditions,
because it is usually difficult to determine the spatial
distribution of all relevant factors around plant roots
with sufficient accuracy or to control confounding
factors. Therefore, we used pot experiments to assess
growth and B uptake of P. tremula seedlings to well-
defined constructed heterogeneities in the soil B
distribution.
Material & methods
Experiment 1
Two experiments were performed. In the first experi-
ment (Exp 1) we compared the growth and B uptake of
P. tremula seedlings growing on soil with heteroge-
neous B distribution to that of P. tremula growing on
soil with homogeneous B distribution. We used sub-
soil, an acidic loamy sand (87% sand, 8% silt, 5%
clay) originating from a Haplic Alisol from Eiken,
Switzerland. The B concentration of this soil was
2.1 mg kg−1. Other physical and chemical soil proper-
ties have been described by Nowack et al. (2006) and
Moradi et al. (2009a). This soil was chosen for both
experiments because it allowed for easy root visuali-
zation by means of neutron radiography (NR) in Ex-
periment 2 (Moradi et al. 2009a). To facilitate plant
establishment and to avoid Al-toxicity, the soil pH was
raised from 4.2 to 6.5 by addition of CaCO3. A small
portion of this soil was thoroughly mixed with H3BO3
powder giving a stock of soil with a total B concen-
tration of 26.4 mg kg−1. By means of stepwise dilution
of the stock soil with unspiked soil, we produced soil
batches with B concentrations of 2.7, 3.3, 4.3, 7.3 and
13.5 mg kg−1. One set of Al containers (internal
dimensions of 17 height×15 width×1.2 depth cm)
was filled homogeneously with spiked soil from these
batches and un-spiked soil for control. Containers of a
second set of containers were each filled with
unspiked soil on one and spiked soil on the other side.
For this purpose they were divided into two compart-
ments by a temporary divider during filling. After
filling, the divider was removed, taking care that the
two soils did not mix. Each of the resulting 2×6
heterogeneous and homogeneous treatments with B-
spiked soil as well as the homogeneous treatment with
unspiked soil (control) were prepared in triplicate. A
5 cm cutting of a P. tremula provenance Birmensdorf
(Qin et al. 2007) clone was planted in the middle of
each container. The plants were grown for 86 days in a
climate chamber (16 hday (22°C)/7 h night (15°C)
cycle, 0.5 h transition time, 75% relative humidity).
The pots were irrigated every 2nd to 3rd day to keep the
soil water content between 15 and 20%. Water and B-
free Hoagland’s solution (Hoagland and Arnon 1938)
were alternately used for irrigation to meet the nutrient
demands of the plants.
Experiment 2
The second experiment (Exp 2) focused on FR growth
responses to heterogeneous B distribution. Here, Al-
containers with internal dimensions of 67 height×64
width×1.2 depth cm were used. The same soil and
cuttings of the same P. tremula clone were used as in
Exp 1. Again a control (unspiked soil), a homo- and a
heterogeneous B-treatment were established in tripli-
cate. In each container of the heterogeneous treatment,
a lateral third of the total soil packing was spiked with
the same total amount of H3BO3 as the whole packing
in the homogeneous treatment. The resulting concen-
trations were 8.9 mg kg−1 in the homogenous treat-
ment and 22.5 mg kg−1 in the spiked portion of the
heterogeneous treatment. To avoid soil layering, the
containers were laid down, the front panel was re-
moved and the containers were filled from the open
front side.
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Before planting, the bare soil was irrigated for
2 weeks to allow the soil to settle. For the first
2 months, the plants were grown under greenhouse
conditions with natural lighting at the Paul-Scherrer-
Institute (PSI), Villigen, Switzerland. Then the con-
tainers were transferred for logistic reasons into the
climate chamber at ETH, where the experiment was
continued for another 4 months. As in Exp 1, the
gravimetric water content of the soil was kept at 15–
20%, which was a compromise avoiding water stress
on one hand but still giving sufficient root-soil con-
trast in neutron radiography images on the other hand
(Moradi et al. 2009a).
Neutron radiography
Neutron imaging of root growth in Exp 2 was per-
formed at the NEUTRA facility (Lehmann et al. 2001)
of the PSI every 3–4 weeks over 6 months. Neutron
radiography is a non-invasive and non-destructive
technique that can be used to study the development
of plant roots in soil (Luster et al. 2009; Menon et al.
2007b; Moradi et al. 2009a). Because hydrogen
strongly attenuates neutrons, NR can image root struc-
tures non-destructively with high spatial resolution if
there is sufficient contrast between the moisture con-
tent of the surrounding porous medium and the roots.
As roots have a higher water content than soil, opti-
mum contrast is achieved when the soil water content
is low. The size of the scintillator used was 279×
234 mm (1,048×879 pixel). The exposure time was
30 s and the scintillator object distance was 10 cm.
The NR images were corrected using the method
described by Moradi et al. (2009a). After correction,
the 9 NR partial images of a given recording needed to
cover a whole container were assembled to one single
picture. Depth growth of the main root was measured
manually by means of an image analysis program. To
determine the minimum root diameter of roots visible
in the neutron radiographs, the root length in the
neutron radiographs were compared with root length
measurements by size classes from WinRhizo (Regent
Instruments, Inc. 2009).
Analysis of plant samples
At the end of each experiment, the aboveground bio-
mass of all seedlings was harvested, separated into
stems and leaves and dried until no further weight loss
occurred. After harvesting the plants, the containers
were opened laterally and in the case of Exp 1 the soil
of each container was sub-divided into two equal
portions, representing the two halves of the container.
In the case of Exp 2, the soil of each container was
divided into 3×3 equal portions, representing the 3
soil depths layers and 3 vertical columns that had been
imaged separately. The roots of each soil portion were
separated from the soil by washing. In Exp 2, the roots
were scanned in a water bath at 400 dpi with a back-
lighting scanner (Epson Expression 10000XL) prior to
drying and further analysis. The maximum scanning
density of 3 cm root lengths cm−2 scanner surface
recommended by Himmelbauer et al. (2004) was not
exceeded. After scanning, root lengths and diameters
were determined by means of image analysis software
WinRhizo. The containers were stored at 4°C in a
cooling chamber until scanning.
In both experiments, total root mass and FR biomass
(<2 mm) were determined after drying at 40°C until a
constant weight was obtained. For chemical analysis all
plant samples (stems, leaves, roots) from both experi-
ments were digested in a heating block at 130°C with
65%HNO3 and analyzed for B and other elements using
ICP-OES (Vista MPX, Varian, Australia). To minimize
B memory effects the instrument was rinsed with a 2%
mannitol solution after each sample.
Statistics
Mean shoot B concentrations were calculated as mass-
weighted averages of the B concentrations of the in-
dividual plant parts. Analysis of variance was per-
formed to test for treatment effects on biomass and B
concentrations, followed by Fisher-LSD post-hoc test
to compare pair-wise differences between treatments.
Values given for correlations between variables repre-
sent Pearson’s correlation coefficients. All statistical
analyses were carried out using Sigma Plot 11 (Systat
Software 2008).
Results
Shoot and root growth
The soil B concentrations applied in Exp 1 resulted in
a concentration series covering the entire range from
deficiency to toxicity. The control treatment had the
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lowest soil B concentration (2.1 mg kg−1) and here the
plants seemed to be marginal B deficient, as indicated
by the significantly lower shoot growth compared to
the homogeneous 2.7 mg kg−1 and the heterogeneous
2.1|3.3 mg kg−1 treatments. These two treatments had
the same average soil B concentration and the largest
shoot growth of all treatments (Fig. 1). Compared to
the homogeneous 2.7 mg kg−1 and the heterogeneous
2.1|3.3 mg kg−1 treatment shoot growth was signifi-
cantly reduced at soil B concentrations ≥7.3 mg kg−1
and symptoms of B toxicity like burned leaf margins
became visible. The plants did not survive at the high-
est homogeneous B treatment level (26.5 mg kg−1) in
contrast to the highest heterogeneous treatment level
(2.1|26.5 mg kg−1), at which the average B concentra-
tion was similar to the homogeneous 13.5 mg kg−1
treatment. Although there was a trend for larger shoot
growth in the heterogeneous treatments compared to
the respective homogeneous treatments at average soil
B concentrations ≥7.3 mg kg−1, these differences were
not significant. Compared to the homogeneous treat-
ments the plants in the heterogeneous treatments did
not benefit from the presence of half of their root
system in low B soil.
While shoot biomass was always larger than root
biomass, both were closely correlated to each other
(y01.11 x+0.17; r²00.78; p<0.001). At low average
soil B concentrations (2.1–2.7 mg kg−1), shoot growth
was more stimulated by B spiking than root growth.
The root:shoot ratio was significantly lower in the
homogeneous 2.7 mg kg−1 treatment than in the con-
trol (data not shown). The maximum root:shoot ratio
(0.8) was found in the heterogeneous treatment with
an average soil B concentration of 2.7 mg kg−1. At soil
B concentrations ≥7.3 mg kg−1 the root:shoot ratio
significantly declined, indicating a stronger B toxicity
in the roots than in the shoots.
In Exp 1 we found no significant effects of the
heterogeneous distribution of soil B on FR biomass
when we compared the spiked with the unspiked por-
tions of the containers (Fig. 2). At the highest B level
in the heterogeneous treatment, FR biomass was 4
times lower in the spiked than in the unspiked portion,
but this difference was not significant, due to the high
variability in FR biomass. In the heterogeneous
treatments it became obvious that the significantly
reduced total FR biomass (Fig. 1) at average soil
B concentrations ≥7.3 mg kg−1 was due to root
growth reduction in the spiked and the unspiked
soil portions.
Exp 2 showed that FR length was more affected by
high B concentrations than FR biomass. The B treat-
ments did not affect FR length in the uppermost third
of the soil (0–21 cm) and total FR length. In contrast,
we found significantly reduced FR lengths compared
to the control in the heterogeneous B-treatment at soil
depth >21 cm and in the homogeneous B treatment at
soil depth >42 cm (Fig. 3). In two of the three
Fig. 1 Mean fine root (left bars) and shoot (right bars) biomass
of 3-month old poplar plants grown in B-spiked soil. The soil
was spiked either homogeneously (hom) or heterogeneously
(het). The numbers represent the soil B concentrations
[mg kg−1]. The two numbers given for the heterogeneous treat-
ments (het) represent the unspiked and spiked compartment.
Similar bar shades or fillings indicate similar average soil B
concentrations of two treatments. Statistically significant differ-
ences (p<0.05) between treatments are indicated by characters.
Error bars represent standard errors (n03)
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Fig. 2 Mean fine root biomass in the unspiked (left bars) and
the spiked (right bars) portions of the soil in Exp 1. Similar bar
shades or fillings indicate similar average soil B concentrations
of two treatments. Error bars represent standard errors (n03)
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replicates of the heterogeneous treatment we found no
roots at all in the B-enriched parts of the lowest third
(43–64 cm depth).
The highest root biomass and coarse root length
was always found beneath the stem base, in the top
middle compartment of the containers. Coarse root
length in this compartment ranged from 16.5 cm in
the heterogeneous, to 22.8 cm in the control and
23.9 cm in the homogeneous treatment, without show-
ing significant differences. In all other compartments,
the coarse root lengths were <1.5 cm. Coarse root
lengths were unaffected by B patchiness in our exper-
iment. All treatments with B spiking resulted in a
greater proportion of FR length near the soil surface
than in the control. At soil depth >21 cm FR lengths
were always larger in the central than in the lateral
compartments of the containers, independent of B
treatments (Fig. 3).
Despite the large variability in root growth patterns,
the neutron radiographs taken in Exp 2 revealed faster
root system development in the control than in both B-
treatments (Fig. 4). This effect was stronger in the
homogeneous B treatment. After 4 months of growth
(24.10.), NR-visible roots had already reached a soil
depth of 40 cm in the control treatment, while in the B
treatments NR-visible roots did not reach below 25 cm
depth. The bottom of the containers was reached by
the roots after 5 months of growth in the control
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Fig. 3 Mean fine root
length after 6 months of
growth in containers with
no, homogeneous and
heterogeneous soil B spiking.
The right compartment is
spiked in the heterogeneous
treatment. The background B
concentration of the unspiked
soil was 2.1 mg kg−1. In the
homogeneous spiking the B
concentration was
8.9 mg kg−1, while in the
heterogeneous spiking the
spiking concentration was
22.5 mg kg−1. Statistically
significant differences
(p<0.05, n03) between the
treatments and the control are
indicated by asterisk. Error
bars represent standard
errors. The figures on the
right give total poplar fine
root length per depth as
percentage of total FR length
(S.E. 0 Standard Error)
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Fig. 4 Mean vertical extension of the main root over time in
Exp 2 as determined by repeated NR imaging. The maximum
vertical extension of the roots determined by the size of the
containers (64 cm) was reached in all control plants at the 24.11.
Root length was assessed for roots >0.7 mm in diameter. Error
bars represent standard errors (n03)
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treatment, while it was not reached during the course
of the experiment in the homogeneous B treatment.
These observations are in line with the greater fraction
of FR in the uppermost soil in B-spiked than in un-
spiked soil mentioned before. Delayed root depth
growth could make stand establishment difficult under
field conditions, especially when factors such as water
or nutrient deficiencies lead to additional stress.
The total length of the roots that were collected by
soil washing was on average 15 times larger than the
total root length determined from the NR images. The
total length of roots determined by NR imaging was
approximately equivalent to the length of roots with a
diameter >0.7 mm obtained by soil washing. Thus, we
considered the NR visible fraction as insufficient for a
more detailed analysis of the root system. Nonethe-
less, there was a close relationship (r200.77; y0
323.66 x+14.71; p<0.001) between total root biomass
and NR-visible root length in the individual compart-
ments, when we excluded the uppermost central com-
partment because of the extremely large root mass in
this part of the container.
The lower two thirds of the B-treatments differed
significantly in their root diameter distributions from
the control treatment and the uppermost soil layer of
the B-treatments. While in the control treatment and in
the uppermost soil layer in the B-treatments, roots
diameters of 0.1–0.3 mm were dominant, the peaks
of the frequency distributions were broader and shifted
to higher diameter classes in B-spiked soil (Fig. 5).
These effects increased with soil depth and lateral
distance from the stem.
Influence of accumulated plant B on growth
Figure 6 shows high shoot biomass variability at shoot
B concentrations <500 mg kg−1. The maximum
growth was found in plants with shoot B concentra-
tions of 40–150 mg kg−1. At shoot B concentrations
above 500 mg kg−1 shoot growth was reduced, indi-
cating B toxicity. The leaf B concentrations found at
average shoot B concentrations >500 mg kg−1 were in
the range 800–1,660 mg kg−1, showing an onset of
toxicity at similar leaf concentrations as found by Rees
et al. (2011) in Populus nigra x euramericana.
Paralleling the larger variability in shoot biomass at
shoot B concentrations <500 mg kg−1, there was also a
large variability in root biomass at root B concentra-
tions <35 mg kg−1, indicating that at lower B
concentrations the accumulation of excessive B in
the plants was not a growth-limiting factor. The max-
imum root biomass was significantly reduced when
root B concentrations exceeded 35 mg kg−1 in B-
spiked soil (Fig. 7). This was the case at soil B con-
centrations of ≥4.3 mg kg−1 in the homogeneous
treatment (Fig. 8a). In the unspiked soil portions of
the heterogeneous treatments, root growth tended to
be reduced at root B concentrations >20 mg kg−1,
which occurred again at average soil B concentra-
tions ≥4.3 mg kg−1 in the heterogeneous treatments
(B concentrations in the spiked portions: ≥7.3 mg kg−1)
(Fig. 8a).
Figure 8a shows that B accumulation by roots in the
unspiked soil parts of the heterogeneous treatments
increased proportionally to the B concentrations of
the roots in the spiked parts of the soil, with a ratio
of approximately 1:2 between the B concentrations in
the roots of the unspiked and the spiked soil in a given
treatment. The highest uptake of B into roots took
place in the spiked soil at the two highest B levels in
the heterogeneous treatments. In these cases, root B
concentrations of up to 130 mg kg−1 were found. The
results from Exp 2 agreed with the findings of Exp 1
that root toxicity effects started to occur in B spiked
soil when root B concentrations exceeded 35 mg kg−1
(data not shown). Root B concentrations exceeded
35 mg kg−1 in Exp 2 in the homogeneously spiked
soil as well as in the spiked portion of the heteroge-
neous treatment and at the same time also FR length
was reduced.
Leaf B concentrations increased with increasing
average soil B concentrations up to 1,350 mg kg−1 at
average soil B concentrations of 13–14 mg kg−1, irre-
spective of the B distribution. Between average soil B
concentrations of 3 and 8 mg kg−1 this increase was
almost linear; then it leveled off (Fig. 8b). In Exp 2
leaf B concentrations ranged between 36.7 (control),
260 (homogeneous treatment) and 380 mg B kg−1
(heterogeneous treatment). Significant differences
were only found between the control and the two B
treatments, but not among the homogeneous and the
heterogeneous treatments. This was consistent with
the result from Exp 1 that B uptake was only due to
the average soil B concentration. In the B treatments
of Exp 2 leaf B concentrations did not exceed the leaf
toxicity threshold found in Exp 1 (800 mg kg−1),
which may explain the absence of significant effects
on the shoot biomass (data not shown).
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The total uptake of B into the shoot biomass of P.
tremula in Exp 1 ranged between 0.02 and 0.23 mg
(Fig. 9). Significant difference in the accumulated B
amounts emerged only between treatments with aver-
age soil B concentrations ≤3.3 mg kg−1 and those with
higher soil B concentrations. At similar average soil B
concentrations no significant differences between
heterogeneous and homogeneous treatments were
found in Exp 1 and Exp 2. The maximum percentage
of B initially present in the soil extracted was 11%
(0.18 mg) in the homogeneous 4.3 mg kg−1 treatment.
At higher soil B concentrations the percentage of ini-
tially present soil B extracted decreased due to the
greater total amounts of B in the soils.
Left Middle Right
0-
 2
1 
cm
0
0.1
0.2
0.3
0.4
0.5 homogeneous
control
heterogeneous
0
0.1
0.2
0.3
0.4
0.5
0
0.1
0.2
0.3
0.4
0.5
22
 - 
43
 c
m
0.0
0.1
0.2
0.3
0.4
0.0
0.1
0.2
0.3
0.4
44
 - 
64
 cm
0.0
0.1
0.2
0.3
0.0
0.1
0.2
0.3
0.0
0.1
0.2
0.3
0.0
0.1
0.2
0.3
0.4
Fig. 5 Mean root diameter
distributions of fine roots in
Exp 2. Root length per
diameter class is given as
fraction of total root lengths.
Left, middle and right are
the respective portions of
the containers. Error bars
represent standard errors
(n03)
0.0
0.2
0.4
0.6
0.8
0 250 500 750 1000 1250
B
io
m
as
s [
g]
Shoot B concentration [mg kg-1]
 Homogeneous
 Heterogeneous
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roots grown in Exp 1. Each point represents one half of an either
homogeneously or heterogeneously spiked container and the B
concentration of the roots grown there
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Discussion
From a meta-analysis of published data, Audet and
Charest (2008) concluded that plants tend to allocate
relatively more biomass into roots with increasing soil
metal concentrations. However, our data on the root:
shoot ratio of P. tremula exposed to high soil B con-
centrations did not show this pattern, which is consis-
tent with the findings of Reid et al. (2004) for wheat
and Rees et al. (2011) for poplars. The fact that root
biomass was also reduced in the unspiked soil portion
in the heterogeneous treatments at average soil B
concentrations ≥4.3 mg kg−1 in Exp 1, indicates a
systemic plant response. In contrast, the unilateral
reduction in root growth at soil B concentrations
>20 mg kg−1 in the heterogeneous treatment of Exp
2 (and also in Exp 1, although not significant in the
latter) indicates a local response. This local root
growth response may have simply resulted from tox-
icity, resulting from direct exposure to the high soil B
concentrations, but it may also represent an active
response, reflecting a root growth strategy. Any growth
strategy would need a signaling mechanism, with roots
near or in the B patch communicating the location of the
patch to the remainder of the root system. Such com-
munication has been shown to occur via auxin-abscisic
acid-ethylene cross-talks in poplars (Popko et al. 2010).
However, recent findings indicate that auxin is not in-
volved in B toxicity signaling in Arabidopsis and the
main signaling mechanism for B toxicity seems to be
abscisic acid, which triggers root growth inhibition via a
hydric stress response (Aquea et al. 2011).
Although, NR has been applied for root growth
investigations in various studies (Menon et al.
2007b; Moradi et al. 2009a), a quantitative compari-
son of the NR detectable root length and the real
length of the root system was unavailable yet. The
results of this comparison were disappointing, as only
6–8% of the total root system length was detectable
with NR. However, future developments of the tech-
nique might further improve the proportion of the NR
detectable root length and other plant species with
higher root diameters should be better suited for work-
ing with this technique.
Changes in the root diameter distributions were also
found in the unspiked soil of the heterogeneous B
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Fig. 8 a Mean root B concentrations as function of soil B
concentrations. For better clarity the B concentrations of roots
from the unspiked soil portions of the heterogeneous treatments
are plotted against the respective B concentrations of the spiked
soil portions. b Mean leaf B concentration as function of the
average B concentration in soil with heterogeneous or homoge-
neous B spiking in Exp 1. Error bars represent standard errors
(n03)
Fig. 9 Mean amount of B accumulated by P. tremula during
86 days of growth in Exp 1. Similar bar shades or fillings
indicate similar average soil B concentrations of two treatments.
Statistically significant differences (p<0.05, n03) between
treatments are indicated by characters. Error bars represent
standard errors
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treatment, indicating a systemic root system response.
An explanation for these changes in diameter class
distributions could be that P. tremula switches to an
extensive rooting strategy under stress conditions, in
which they invest more assimilates into exudate pro-
duction and less into increasing specific root length
[cm g−1] (Lohmus et al. 2006; Ostonen et al. 2007). As
far as the differences in root diameters reflect local
toxicity effects, they could also have been due to a
higher survival probability of thicker roots as well as
to a stronger B toxicity effect on length than on diam-
eter growth. The observed shift to higher FR diameters
could be disadvantageous for nutrient and water ac-
quisition because the fraction of soil pore space that
can be accessed by roots decreases with root diameter.
As coarse roots develop from FR by secondary thick-
ening, coarse roots cannot establish in soil where FR
cannot establish. Therefore, the inhibition of FR
growth in a larger volume of soil will also impair the
development of coarse roots and might thus reduce the
stability of a tree as it grows and needs increasing
anchorage in the soil.
The relationship between shoot biomass and shoot
B accumulation was the same in heterogeneous and
homogeneous treatments, suggesting that any B toxic-
ity effect on shoot growth was only dependent on the
shoot B concentrations. The leaf B toxicity threshold
of 800 mg kg−1 found in our experiment shows that P.
tremula is highly B tolerant compared to other plant
species and lies in the same range as found in hybrid
poplars (Rees et al. 2011; Robinson et al. 2007). In
Quercus rubra L., decreased growth was found at leaf
B concentrations around 230 mg kg−1 and some Eu-
calyptus species showed growth decline at B concen-
trations of only 75 mg kg−1 (Crews and Dick 1998;
Lehto et al. 2010). All plants with shoot B concen-
trations <40 mg kg−1 produced less than 0.35 g bio-
mass during the three months growth period of Exp 1.
This was less than 40% of the maximum growth and
the shoot biomass in the unspiked control treatment
was significantly lower than in the homogeneous
2.7 mg kg−1 and the heterogeneous 2.1|3.3 mg kg−1
treatments. The corresponding leaf B concentrations
of these plants were below 45 mg kg−1 and the con-
centration in the top 3 leaves of one of those trees was
only 15.1 mg kg−1. While one of the plants with such a
low B concentration was found in the heterogeneous
treatment with the lowest level of B spiking, two
others were obtained from the treatment with unspiked
soil (control). Boron deficiency limits for tree foliage
are in the range of 4 (Picea Abies (L.) H.Karst., Pinus
Sylvestris L.) to 16 mg kg−1 (Eucalyptus globulus
(Labill)) in the youngest emerged leaf and are gener-
ally higher in broadleaf species than in conifers (Lehto
et al. 2010). Our results indicate that P. tremula has a
similarly sensitivity to low soil B supply as E. glob-
ulus and P. tremula has a higher B requirement than
many other plant species (Bell 1997). This may be due
to a lack of transporters for active xylem loading of B
under deficiency conditions in P. tremula (Tuskan et
al. 2006). The first symptom of B deficiency in plants
usually is decreased root growth in relation to shoot
growth (Dell and Huang 1997). Such an effect was not
found here. We also found no enhanced proliferation
of roots in B-enriched patches to compensate for low
B supply in the heterogeneous treatments.
We showed roots grown in the unspiked soil of the
heterogeneous treatment to be growth-reduced at root B
concentrations of only >20 mg kg−1. This growth re-
duction occurred at soil B concentrations >7.3 mg kg−1
in the spiked compartments of the heterogeneous treat-
ments, indicating that the root growth inhibition ob-
served at moderately elevated B treatment levels was
not a toxicity response to the accumulation of B in the
roots or to soil B, but a systemic response to B in the
shoots. This hypothesis also agrees with the observation
that root biomass was more sensitive to the B treatments
at moderately elevated B concentrations than shoot
biomass.
The B accumulation of the roots in the unspiked
soil parts of the heterogeneous treatment took place at
a ratio of 1:2 compared to the accumulation in the
spiked portions of the heterogeneous treatments. This
ratio is much lower than one would expect from the B
accumulation in the control soil. Therefore, there must
have been substantial lateral B transfer from the spiked
to the unspiked soil compartments. Such transfer
could have occurred through roots extending from
the unspiked into the spiked soil as well as through
the soil solution. Even though transfer of B from
spiked to unspiked soil portions via the soil solution
was favored by the soil type, it was probably not the
main transfer pathway of B, as the addition of CaCO3 to
the soil should have increased B retention (Goldberg
1997). Lateral B transfer should have mitigated the
probably rather uncommon situation of B poor soil
next to excess B soil in the heterogeneous treatments
in Exp 1, as an increase in B concentration of only
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0.6 mg kg−1 would have led to an optimal soil B
concentration. The addition of CaCO3 might have also
decreased the plant available fraction of soil B and
thus its toxicity. Transfer of B within the root system
could be another explanation for the high B concen-
trations in roots from unspiked soil portions (Bellaloui
et al. 1999; Brown and Hu 1996).
The finding that the accumulation of B in the leaves
only depended on the average concentration of B in
the soil and not on its spatial distribution indicates that
the spiked and the unspiked parts contributed equally
to B uptake in the heterogeneous treatments. This is in
agreement with the hypothesis that toxicity effects in
the roots were primarily systemic plant responses to B
accumulation in the shoots and thus similar in spiked
and unspiked soil portions. In this regard B uptake
appears to differ from the uptake of other trace ele-
ments with heterogeneous distribution in soil (Millis et
al. 2004).
Our results on B tolerance and uptake from hetero-
geneously contaminated soils have implications for
the phytomanagement of B contaminated sites. Long
clean-up times are one of the major disadvantages of
phytoremediation (Pulford and Watson 2003; Robinson
et al. 2009). Thus, the finding that patchy soil B
distribution did not lead to decreased B accumulation
in the shoots, while it tended to result in larger growth
compared to a homogenous distribution of the same
amount of B is an encouraging result for further field
applications of P. tremula in phytoremediation, as
heterogeneous contamination is rather the rule than
the exception under field conditions (Robinson et al.
2009). Breeding of poplars and their hybrids for B
phytoremediation should focus on the B tolerance of
poplars leaf tissue as it seems to govern the whole
plant status.
Conclusions
The tolerance of P. tremula to the average soil B
concentrations applied in this study was the same,
regardless if B was heterogeneously or homogeneous-
ly distributed in the soil. Furthermore, the heterogene-
ity of the soil B distribution had no effect on the B
accumulation in the leaves of P. tremula and the total
amount of B taken up into the shoots. Our results
indicate that at low to medium soil B concentrations
B toxicity on root growth is primarily a systemic
response to B toxicity in the shoots, while only at high
local soil B concentrations local effects on roots be-
come dominant. We conclude from these results that
local heterogeneity in soil B should have little influ-
ence on the phytoremediation of contaminated sites
using P. tremula, as long as the contamination allows
root growth.
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